In this paper, we discuss spontaneous generation of Alfvén waves. The discussion is motivated by the study of the solar transition region. We show that the heavy ions in this region can play critical roles. A quasilinear theory is derived. On the basis of this theory, we can discuss the saturation level of the wave spectral energy associated with each species of ions. Several essential issues relevant to the transition region are also discussed. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
It is known in plasma physics that in general waves are generated via one of the two fundamental processes: spontaneous or induced process. The former is discussed in radiation theory, 1,2 while the latter is well studied for instabilities associated with many wave modes. 3 The two generation processes have very different physical natures. Spontaneous processes usually convert particle kinetic energy into wave energy via interactions among particles, while in induced processes a portion of available free energy in the plasma is transferred to waves via "negative absorption". In short, the former is independent of the initial state of the wave field, whereas the latter depends upon initial condition in all cases.
Theoretically, spontaneous generation of waves is due to a generalized "collision" process as discussed in statistical plasma theory. This point may be appreciated from the Balescu-Lenard-Gurnsey kinetic equation [4] [5] [6] from which one can envision that in general "collisions" are affected by spontaneous emission. 4, 7 For high-frequency electrostatic waves in unmagnetized plasmas, the process is discussed in relation to quasilinear theories. 4, 7, 8 In general, spontaneous generation of any wave mode may be possible 9 when particles have sufficiently high energies.
Since spontaneous process involves fluctuations, it cannot be studied on the basis of fluid dynamics or collisionless Vlasov theory, which deals with ensemble-averaged fields. Kinetic theory of such process must go beyond the collisionless regime. It is a topic area that is a bit sophisticated from theoretical point of view. These traits may partly explain why theorists have generally ignored the study of this topic.
In this paper, we present a theory in which Alfvén wave is discussed. Our main objective is to derive a wave kinetic equation from which both absorption and generation of Alfvén waves may be studied. The theory will make use of the general paradigm discussed in Ref. 4 .
The organization of the present paper is as follows. Section II clarifies the purpose of the present study. We review some relevant background information of solar physics. In Sec. III, basic and essential theoretical considerations are given before going to Sec. IV, in which we discuss the wave kinetic equation which describes the spontaneous generation and absorption of Alfvén waves. Finally, we present a discussion and conclusions in Sec. V.
II. MOTIVATION AND PURPOSE
We are particularly interested in the solar transition region, 10 which is situated between the chromosphere and the corona as schematically described in Fig. 1 . The region is fascinating and intriguing from the viewpoint of plasma physics. There are two outstanding phenomena: first, a steep temperature gradient exists inside the region and, second, numerous species of heavy ions are born there, as observed with the Skylab mission 11, 12 and other programs. The consensus is that the heavy ions are created due to ionization of neutral atoms. However, the question arises what is heating process that results in the temperature gradient? In addition, the presence of the heavy ions could in turn modify the essential physics of this region. In short, the solar transition region has captivated much theoretical interest for several decades. Many unresolved issues deserve study.
The primary objective of our recent research initiative is to study basic plasma processes, which are unstudied but should be of interest to solar physics. We suggest that minor ions, which are extensively discussed in solar physics literature, [11] [12] [13] [14] [15] [16] are important and essential. We also notice that although generations of Alfvén waves are discussed in many papers, [17] [18] [19] [20] [21] there is no discussion of spontaneous process. [The citations of references in the preceding paragraphs are obviously far from complete. We apologize for having unintentionally neglected many important publications in solar physics literature.]
Here, we present some preliminary discussion of the scenario that spontaneously generated Alfven waves, which may lead to the heating in the transition region, but much future research is needed in this topic area.
III. BASIC THEORETICAL CONSIDERATIONS AND FORMULATION
In general, microscopic wave fields in a system may be theoretically treated as the sum of ensemble-averaged fields and random fluctuations. 4 The latter is generally neglected in the kinetic theory based on Vlasov equations.
To facilitate our discussion, we introduce some basic definitions and notations first. We consider a fluctuating quantity dA ¼ dAðt; rÞ and its Fourier-Laplace transform dAðx; kÞ ¼ lim
It is well known in plasma physics that if we adopt the conventionally used coordinate system in which the wave vector and the ambient magnetic field are designated as k ¼ ðk ? ; 0; k z Þ and B 0 ¼ B 0êz , for the Alfvén mode the perturbation current associated with the wave and the polarization vector of wave electric field are both in the direction parallel to the x axis. 22, 23 From the Maxwell field equations, we obtain the following equation:
where dE x is the Fourier-Laplace transform of the x component of fluctuating electric field; k z is the component of wave vector parallel to the ambient magnetic field; the subscript s denotes an ion species; c is the speed of light; e xx is the xx component of dielectric tensor; and dj sx ðx; kÞ is the FourierLaplace transform of the "source current" of s species ions in the x direction due to fluctuations
where dN s ðx; v; kÞ is the Klimontovich density function. 4 [We note: in the standard Vlasov theory, the effect of a source current due to fluctuations is omitted so that Eq. (2) Re
Im e xx ¼ À p
where
s =m s ; the subscript s denotes a physical quantity associated with a specific minor ion species; we will use s ¼ p for protons; X s ¼ e s B 0 =m s c is ion gyro-frequency; J n is Bessel function of order n;
In Eq. (4), P denotes the principal value integral. Here, we reiterate that thermal protons do not participate in Eq. (5) because they cannot resonate with Alfvén waves.
In the following, we discuss the essential assumptions to be used in the subsequent analysis. First of all, since the minor heavy ions have tenuous densities, say typically 0.1%, as compared to that of the ambient plasma, they are unimportant in Re e xx because: (a) for waves with wave frequency is close to the ion gyro-frequency the principal value integral vanishes and (b) the gyro frequency of helium ion is too high for the resonance but, indeed, helium ions can yield a slight modification of the Alfvén speed so that it becomes v
Other than that, no new physics is expected. For simplicity, we choose to ignore the helium ions in the discussion.
As usual, we consider Re e xx ) Ime xx . Thus, in the dispersion relation we can neglect Ime xx and the effect of the source current to obtain
k Re e xx ðx k ; kÞ ¼ 0;
where x ¼ 6x k represents the root of Eq. (6) . Because the tenuous minor ions can be ignored in Re e xx , Eq. (4) reduces to
where x p and X p are, respectively, proton plasma frequency and gyro frequency; c is speed of light and v A is the usual Alfvén speed. As discussed in general plasma kinetic theory, in obtaining Eq. (7) it is usually assumed that X p ) x and X p ) k z v z . Equation (7) is valid even if plasma is hot, say v A % v p , where v p denotes proton thermal speed. We then suppose that the inclusion of Ime xx , which is mainly due to heavy ions, as well as the source current would result in an imaginary part c k in addition to the real frequency x k of the dispersion equation. On the basis of a well known convention used in plasma kinetic theory, 24 which is deduced from Landau's original work, 25 we expand Eq. (2) near x k and consider a positive imaginary part in the complex x plane so that we obtain
where Eq. (6) has been considered. In conventional discussions based on linearized Vlasov theory, the quantity djðx; kÞ is neglected. However, in our theory we shall discuss the effect of djðx; kÞ on the generation of Alfvén waves.
IV. WAVE KINETIC EQUATION
Hereafter, for simplicity we let dE x ¼ dE. The analysis does involve some algebra which is presented in Appendix A. Here, we simply present the result as follows:
k Re e xx ðx k ; kÞÞ
where for convenience we introduce Cðx k ; kÞ
Cðx k ; kÞ is sometime called absorption coefficient if
Obviously if the quantity Ime xx ðx k ; kÞ < 0 we have "negative absorption." Physically, it means instability. We note that the function hjdEðt; kÞj 2 i x k in Eq. (9) is not really of direct interest here because in general, analysis of observational data is done in terms of the Fourier transform hdEdEi k of the correlation function hdEðt; rÞdEðt; r À r 0 Þi for a stationary and homogeneous system. To make the conversion, we make use of the simple relation
where V denotes the volume of the system. Making use of Eqs. (7) and (11) and considering The density function dN s ðt; v; rÞ may be calculated by considering the following equation: we calculate the correlation function hdj s ðx k ; kÞdj
where, as defined before, J n ðb s Þ is Bessel function of order n and b s ¼ k ? v ? =X s . The details of the derivation are given in Appendix B. Making use of Eq. (15), we obtain the desired kinetic equation which includes spontaneous generation 
Equation (16) is the principal result of interest. It is used in an earlier discussion 26 but the derivation is omitted. The essential physics depends upon the specific ion distribution function F s ðvÞ under consideration. Finally, we reiterate that in Eqs. (16) and (17) the summation over ion species s only applies to heavy ions. Electrons do not play any role in the present theory.
V. DISCUSSION AND CONCLUDING REMARKS
Equation (16) represents the desired kinetic equation. On the right hand side, there are two terms: one describes the absorption, which is always induced, whereas the other represents spontaneous generation. In the following, we discuss this result. First, we show that it may be somewhat simplified and then we discuss some preliminary implications.
A. Effective spectral temperature
It is convenient to work in the Alfvén wave frame in which the kinetic energy of each ion is conserved so that we can model the ion distribution function as a function of ðv; lÞ, where v is the ion speed, l ¼ cosh and h is the pitch angle defined in the Alfvén wave frame. Let us consider b 2 s ¼ ðk ? v ? =X s Þ 2 < < 1 so that we will restrict our discussions to the case that harmonic number n ¼ 1 and lk z < 0. We consider that the Alfvén waves are propagating in the direction of k z > 0, while the ions are nearly motionless in the plasma frame. Hence, the ions follow the Alfvén waves and in the Alfvén wave frame the ions have pitch-angles close to p. Since b s < 1 so that J 
To discuss the problem further, we need to discuss the ion velocity distribution function F s . For this purpose, the "non-resonant" quasilinear theory is useful. According to a theory by Yoon et al., 27 the kinetic equation in spherical coordinates may be written in the form
where s ðB w is proportional to the total energy density of Alfvén waves generated locally as well as originated from elsewhere. Second, Eq. (19) represents the kinetic equation which is derived on the basis of local approximation. 27 It means that we have considered that the characteristic wavelength is much shorter than the scale height of the transition region.
In principle, Eq. (19) is derived for weak turbulence B 
where h ¼ cos À1 l. Based on Eqs. (18) and (20), we obtain
It is seen from Eq. (18) 
The physical meaning of the spectral energy W ðsÞ k is that it is basically associated with the sth species ions since it is related by the resonance condition dðX s À jk z ljv A Þ. It also makes sense if we define an "effective temperature" T s ¼ ðB 
2T s :
Here, we need to make an important and essential point. In obtaining Eq. (20) or (23), it is considered that when B 
which describes some type of thermal fluctuations, in analogy to the usual "thermal fluctuations" in plasma kinetic theory. 1, 4, 7 B. Are these Alfvé n waves observable?
The main objective of the present theory is to show theoretically that heavy ions in the solar transition region can generate Alfvén waves via spontaneous process. The range of the gyro frequencies of the heavy ions in the source region determines the width of the frequency spectrum of the Alfvénic turbulence. Regardless of the magnetic field model considered, the frequency range of the turbulence is expected to be much lower than the proton gyro-frequency in the transition region. However, the band width of the turbulence may be comparable to the proton gyro-frequency in the corona in certain altitude range. This means that these Alfvén waves cannot propagate through the corona because each Alfvén wave has a "resonance frequency" at the proton gyro frequency where the wave refractive index approaches infinity, i.e., N ! 1. How does this absorption process affects the corona is an issue to be studied.
Although the ambient protons do not participate in the generation process, the Alfvén waves generated by the minor ions can certainly affect the ambient protons via nonresonant wave-particle interactions. Hence, we expect that Eq. (20) describes the proton distribution function as well. Thus, we may consider an effective temperature for the ambient protons
For the purpose of discussion let us assume that in the transition region and the low corona non-resonant heating indeed takes place. Then, we can make an order of magnitude estimate of the effective temperature T p defined in Eq. (25) . On the basis of the numerical computation carried out by Cranmer and van Ballegooijen, 28 it is known that the Alfvén speed at the top of the transition region as well as the low corona is around 1 $ 2 Â 10 3 km=s over a wide range of altitude. If we assume B 
Let us study a particular wave for which the electric field is denoted dE k ðt; kÞ ¼ dÊ k expðÀix k tÞ:
Here, we imagine that dÊ k is a slowly time dependent quantity, for example, due to damping or growth. The corresponding Laplace transform is dEðx; kÞ ¼ lim 
